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Available online 3 June 2016AbstractThe challenges in the chemical processing industry today are environmental concerns, energy and capital costs. Catalytic distillation (CD) is
a green reactor technology which combines a catalytic reaction and separation via distillation in the same distillation column. Utilization of CD
in chemical process development could result in capital and energy savings, and the reduction of greenhouse gases. The efficacy of CD and the
economic merits, in terms of energy and equipment savings, brought by CD for the production of biodiesel from waste oil such as yellow grease
is quantified. Process flow sheets for industrial routes for an annual production of 10 million gallon ASTM purity biodiesel in a conventional
process (reactor followed by distillation) and CD configurations are modeled in Aspen Plus. Material and energy flows, as well as sized unit
operation blocks, are used to conduct an economic assessment of each process. Total capital investment, total operating and utility costs are
calculated for each process. The waste oil feedstock is yellow grease containing both triglyceride and free fatty acid. Both transesterification and
esterification reactions are considered in the process simulations. Results show a significant advantage of CD compared to a conventional
biodiesel processes due to the reduction of distillation columns, waste streams and greenhouse gas emissions. The significant savings in capital
and energy costs together with the reduction of greenhouse gases demonstrate that process intensification via CD is a feasible and new green
process for the biodiesel production from waste oils.
© 2016, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Yellow grease; Catalytic distillation; Aspen plus economic analyzer; Process intensification1. Introduction
Energy security, environmental regulations, foreign ex-
change savings, and socio-economic issues have stimulated
intensive research efforts towards developing renewable en-
ergy systems derived from biomass or biological sources.
Among the various bio-based, renewable fuel options, bio-
diesel is fast emerging as the most popular and sustainable
option for replacing oil based energy and other fossil fuels.
Biodiesel, apart from being non-toxic and biodegradable,* Corresponding author.
E-mail address: fttng@uwterloo.ca (F.T.T. Ng).
http://dx.doi.org/10.1016/j.gee.2016.05.003
2468-0257/© 2016, Institute of Process Engineering, Chinese Academy of Sciences
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativscores over petroleum diesel on account of lesser air pollutants
per net energy [reduction of greenhouse gases (GHGs) by
41%] [1], energy ratio [biodiesel produces 93% more energy
than the energy invested in producing it] [2], lower sulphur
and aromatic content, safety [ higher flash point 150 C] and
better lubrication. Biodiesel also represents a strategic source
of energy for the countries that do not have fossil fuel re-
sources. Biodiesel production and use has progressed signifi-
cantly over the past decade, with the US annual biodiesel
production in excess of one billion gallons in 2011 [3]. Na-
tions worldwide are investing in technology targeted to in-
crease the share of biodiesel in the fuel supply in many. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
ecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Boiling Point and Density of the components at 1 atm and 25 C.
Property Oleic
acid
Triolein Methanol Methyl
oleate
Glycerol Water
MW (g/mol) 282.46 885.43 32.04 296.49 92.09 18.015
Boiling point (C) 360 846.5 64.7 349 287.71 99.98
Density (g/cm3) 0.895 0.91 0.79 0.87 1.26 0.999
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foreign exchange credits [4].
Chemically, biodiesel is a mixture of fatty acids alkyl esters
(FAAE) that is most commonly produced via trans-
esterification of triglycerides from vegetable oils with alcohol
in the presence of suitable catalytic systems to produce FAAE
and glycerol (the major byproduct during transesterification).
Biodiesel can also be produced via esterification of oil feed-
stocks having high FFA content; water is produced as a side
product in this reaction. The schematics of both these major
reactions are outlined in Fig. 1.
Commercialization of biodiesel presently is constrained by
two major problems: process economics of production and
debate on food versus fuel. The cost of production of biodiesel
without government support through subsidies is almost 1.5e2
times that of petroleum diesel [5,6]. Specifically, in terms of
high biodiesel process costs, 70e95% of the total biodiesel
production cost is attributed to the cost of raw materials (e.g.
virgin vegetable oil) [5e7]. In terms of the food versus fuel
debate, extensive use of edible oils/food crops for biodiesel
production has been debated on fears that it might lead to food
insecurity and rocketing food prices especially in developing
countries [8,9].
The challenge hence is to develop biodiesel production
technologies via cheaper feedstock or those unsuitable for
human consumption. This would solve the twin problems of
process economics as well as the food versus fuel debate.
Yellow grease (waste cooking oil or used frying oil) is fast
emerging as a promising alternative owing to its low cost and
the environmental advantage of residue utilization [10]. Yel-
low grease as a biodiesel feedstock costs approximately half to
that of soybean oil [11], the most common biodiesel feedstock
in the US. Low cost of yellow grease brings the projected
production cost very close to diesel after considering gov-
ernment subsidies [11]. Safe disposal of yellow grease is aFig. 1. Schematic representation of triglyceride trans-esmajor problem in many nations and there are severe re-
strictions and penalties against its disposal in the waste
drainage [12]. Yellow grease is abundant in both N America
and Europe e yellow grease production in the US in 2011 is
estimated to be around 0.6 million tons per year [13], Europe
today produces close to a million tons per year [14]. In Can-
ada, approximately 120,000 tons of yellow grease is produced
per year [15]. Yellow grease, hence could be a feasible source
for biodiesel production, which after government subsidies
could compete with petroleum diesel in terms of cost as well
as contribute towards waste utilization and environmental
benefits.
The composition of free fatty acids (FFA) in yellow grease
varies up to a maximum of 15% (w/w) [16], yellow grease is
defined as vegetable oils or animal fats with a FFA less than
15% [17], and the rest is mostly comprised of triglycerides.
The FFA content in yellow grease is generated through the
hydrolysis of triglycerides resulting from the high tempera-
tures of typical cooking processes in the presence of water
released from the foods and hence varies depending on the
cooking process, the storage and collection conditions [17,18].
Yellow grease in a chemical reactor undergoes both trans-
esterification and esterification reactions to produce bio-
diesel, hence products in the reactor outlet are FAAE (bio-
diesel), glycerol and water. The physical properties of these
elements are outlined in Table 1.terification (i) and free fatty acid esterification (ii).
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design and economics for high quality biodiesel production
from yellow grease via simultaneous esterification and trans-
esterification in a continuous process. Most plants producing
biodiesel employ batch reactor processes using pure vegetable
oils and liquid base such as NaOH resulting in high production
costs at high production rates [19]. Current processes for
biodiesel production from yellow grease is quite complicated
as NaOH will react with FFA producing sludge. A liquid acid,
H2SO4, is used to esterify the FFA in the first step, followed by
transesterification. A solid acid that can accomplish both
esterification and transesterification will simply the production
of biodiesel from waste oils. We have developed solid acid
catalysts to produce biodiesel from waste oils containing free
fatty acids in a single step. The kinetics of esterification of
FAA and transesterification of triglycerides obtained using a
solid acid catalyst (a supported heteropolyacid on alumina) is
used to carry out energy and economic analysis for biodiesel
production from yellow grease in a conventional and CD
process configurations. The intensification of a biodiesel pro-
duction process via catalytic distillation (CD) is investigated.
In this paper, simulation of an annual production around 10
million gallons of biodiesel production in each process
configuration was carried out. Most dedicated biodiesel plants
using yellow grease as a feedstock have been reported to be of
this capacity [20], e.g. the Rothsay biodiesel plant in Quebec,
Canada using animal fats/yellow grease as feedstock produces
about 12 million gallons per year of biodiesel [20].
CD (Fig. 2) is a green reactor technology which integrates
chemical reaction and product separation into a single opera-
tion [21]. The distinctive feature of CD to simultaneously
carry out the chemical reaction and product separation within
a single stage operation could bring significant energy savings
as well as a reduction in operating and capital expenditures
due to process intensification [7,22]. CD also offers an effi-
cient solution to many process constraints enhancing the
process efficiency [21,23,24]. The continuous removal of
product from the reactive section via distillation action canFig. 2. Process schematic catalytic distillation.lead to increased product yield and increased productivity,
particularly for reactions that are equilibrium limited. Other
potential process merits of CD include mitigation of catalyst
hot spots, better temperature control and enhanced energy
integration due to conduction of an exothermic chemical re-
action in a boiling medium. Biodiesel production via simul-
taneous esterification and trans-esterification of yellow grease
meets the design criteria of CD due to a number of reasons.
During the operation, most of the methanol would be in a
vapor phase while the conversion to biodiesel would happen in
a liquid phase. The products water, glycerol and FAAE (bio-
diesel) have significant volatility difference that makes sepa-
ration by distillation favorable. Secondly, the overall heat of
reaction considering both transesterification and esterification
reactions for biodiesel production is exothermic [25] and a CD
operation is hence favored since the energy liberated can be
utilized in situ to drive the distillation process and enhance
energy integration. Also, esterification and transesterification
reactions are reversible and CD allows for the constant
removal of product from reaction zones, thereby shifting
chemical equilibrium to the right towards the products [26] in
accordance with Le Chatelier's principle. Thirdly, heteroge-
neous catalyst systems in CD would add economic and envi-
ronmental merits to the biodiesel process, especially in terms
of separation of biodiesel from the catalyst and reduction of
water usage for cleaning the products.
In recent studies, several biodiesel process simulation
models have been presented to assess the economic feasibility
of biodiesel production plant configurations using waste oil as
a feedstock via different catalyst systems (homogeneous e
acid-catalyzed [27e30], base ecatalyzed [27e31]; heteroge-
neous e acid catalyzed [29], base catalyzed [32] etc.). How-
ever, most of these simulation models considered biodiesel
production processes in conventional reactor separation con-
figurations. Since high production and energy costs impede
biodiesel production processes, the design of innovative
chemical reactors and separation units to facilitate continuous
processing of waste oil into biodiesel is one area of develop-
ment that is likely to reduce the cost for biodiesel production
in the near future. This research shows that CD is a novel
approach to make the biodiesel process more efficient and
cost-effective. Although CD has been studied in batch mode
for biodiesel production, there is a need to move towards
heterogeneously catalyzed, continuous flow reactors in order
to avoid the separation issues of homogeneous catalysts and
drawbacks of batch mode (notably increased capital invest-
ment required to run at large volumes and increased labor
costs of a start/stop process) and increase the scale of opera-
tion to million gallons per year, important criteria that have
been addressed in this research. In particular, a systematic and
comprehensive techno-economic comparison between the
conventional biodiesel process and CD is presented so as to
outline key indicators that determine the process efficiency
and profitability. The savings in energy requirements and
capital costs are then quantified to relate the effectiveness of
each process.
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Batch experiments on simultaneous esterification and
transesterification of yellow grease were performed in our
laboratory using a solid acid heterogeneous catalyst HWSi/
Al2O3. Yellow grease was reacted with excess of methanol in a
batch autoclave reactor to yield biodiesel. Both trans-
esterification (of the triglycerides present in yellow grease)
and esterification (of the FFA content in yellow grease) re-
actions occurred simultaneously in the reactor to form bio-
diesel along with water and glycerol. In presence of excess
of methanol, both reactions were assumed to be pseudo first
order with respect to the triglyceride (transesterification) and
FFA present in yellow grease (esterification) respectively [33].
Pseudo first order kinetics for biodiesel esterification and
trans-esterification reactions [34e37] in presence of excess
alcohol have been proposed by many researchers. Average
overall reaction constants at different temperatures were
calculated and the activation energy was estimated to be
58.32 kJ/mol for the trans-esterification reaction (from tri-
glycerides) and 34.06 kJ/mol with respect to the esterification
reaction (from FFA) based on the Arrhenius equation (Equa-
tion (1)).
k¼ AeEaRT ð1Þ
Catalyst development and characterization, experimental
results and the associated kinetic analysis to generate these
kinetic results would be discussed in another research. The
kinetic parameters for the esterification and the trans-
esterification reactions are listed in Table 2.
The heat of the trans-esterification and esterification re-
actions were calculated in Aspen Plus by running a simulation
separately in RStoic reactor model at constant temperature and
pressure. The heat of reaction for trans-esterification using
triglycerides was found to be 100.17 kJ/mol at 25 C and
1 atm. Exothermicity of the transesterification reaction has
also been reported in literature [25]. Similarly the heat of re-
action for esterification using RStoic was calculated to be
43.44 kJ/mol, indicating an endothermic reaction. Endo-
thermicity of the esterification reaction to produce biodiesel
has been also been suggested in the literature [38]. The overall
all heat of reaction comes out to be 71.44 kJ/mol which
makes it an exothermic reaction and thus suitable for energy
integration via CD. The heat of reaction calculations were not
utilized as inputs into the simulation, but were calculated to
understand the reaction temperature profiles and process en-
ergy requirements.Table 2
Arrhenius Parameters for the biodiesel reactions.
Trans-esterification reaction of triglycerides to biodiesel
Pre-exponential factor (A) (sec1) 10.1
Activation energy (Ea) (KJ/mol) 58.32
Esterification reaction of FFA to biodiesel
Pre-exponential factor (A) (sec1) 0.128
Activation energy (Ea) (KJ/mol) 34.06The objective of this research is to investigate the possi-
bility of improving the biodiesel production via simultaneous
esterification and trans-esterification of yellow grease via CD
and to outline and quantify the resulting process improve-
ments. To achieve this aim, the conventional biodiesel process
flow sheet and CD process configurations is modeled in Aspen
Plus, one of the most extensively used chemical engineering
packages. By creating and juxtaposing these process config-
urations, conclusions could be drawn. Though results from
process simulations and actual process operations differ to
some extent, simulation software tools predict fairly reliable
and accurate information on process operations and the in-
fluence of process parameters because of their comprehensive
thermodynamic packages, rich component data, and astute
calculation techniques. Hence the modeling results could
provide a comparison between the performance of competing
technologies in actual operations.
Two process configurations depicting continuous produc-
tion of biodiesel are modeled in ASPEN Plus. The first
configuration (A e Fig. 3) is the conventional reactor sepa-
ration flowsheet where trans-esterification and esterification
take place in the reactor and the products are separated in a
sequence of distillation columns. The second configuration (B-
Fig. 5) is a CD column that accommodates both the reaction
and separation in one distillation column. For the same bio-
diesel production capacity, a comparison of the total energy
requirements and process economics is performed between the
two process configurations. The savings in energy re-
quirements, capital costs and operating costs are then quanti-
fied to compare the effectiveness of each process (Fig. 6).
For the conventional process, reaction kinetics is modeled
in a continuous plug flow reactor. The trans-esterification and
esterification reactions for the production of biodiesel in in-
dustry can be carried out in different reactors such as a plug
flow or combined stirred tank reactors [15,39]. The choice of a
reactor is dependent on the process conversion, volume and
residence time requirement. Plug flow and packed bed reactors
are known for achieving the highest conversion per unit of
volume and they also require lower maintenance and shutdown
times [40].
Steps for developing the process model and running the
simulations for each of the configurations involve defining
chemical components, choosing an appropriate thermody-
namic model, and determining the optimum operating condi-
tions (temperature, pressure, concentrations etc.) and the size
of operation (production capacity) and process units.
Information on all chemical components of the biodiesel
reaction system (methanol, water, methyl oleate, glycerol) are
available in the Aspen Plus library except the feed molecule,
yellow grease. Yellow grease composition has been reported to
be 20% w/w FFA and 80% w/w triglycerides [41]. The 20% w/
w FFA content in yellow grease is a mixture of palmitic acid
l8%, oleic acid 47%, linolic acid 13%, and linolenic acid 3%.
To model yellow grease in this simulation, triolein
(C57H104O6) is chosen as a model compound to represent the
triglyceride component and oleic acid is used to represent the
FFA component. The reactant inputs in the process models are
Fig. 3. Configuration A (conventional reactor separation process).
Fig. 4. Cost of a distillation column versus reflux ratio.
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biodiesel, glycerol and water. For all the two flow sheet sim-
ulations, the process type selected in the Aspen Plus envi-
ronment was ALL and the base method selected for property
calculation was UNIQUAC, which uses ideal gas and Henry's
law, best fitting the processes conditions.
The annual production capacity in each process configu-
ration is set around 10 million gallons of biodiesel that closely
matches the annual production capacity of most current bio-
diesel plants (discussed in Section 1. Introduction). Finally all
process configurations are designed so as to yield the final
biodiesel product as per ASTM standards. The ASTM stan-
dard for purity of biodiesel product is 99.65 wt % [15]. Most
biodiesel standards allow only 0.2% of methanol in product
[42]. These purity constraints were considered in maintaining
the biodiesel purity in the two process configurations.
3. Process simulations
The process simulations of the complete process configu-
rations (conventional reactor separation and CD) are carried
out in the process modeling software Aspen Plus, version 8.6.The chemical and physical property data of components were
imported from the NISTweb databank. The UNIQUAC model
was considered to represent the thermodynamic equations of
state. UNIFAC-LLE was chosen to model the liquideliquid
equilibrium with methanol, methyl oleate and glycerin mixture
and methanolewater system. UNIQUAC, is a well-accepted
model for non-ideal multicomponent liquid mixtures at low
pressure. Particularly in the Aspen Plus program, when
interaction parameters for all components are not available,
UNIQUAC presents an option to estimate these missing
properties. UNIQUAC and UNIFAC-LL are particularly useful
for systems where there are two liquid phases present. (In our
system, biodiesel and glycerol are two distinct liquid phases
present which are separated by a decanter). As this is an
explorative study on comparing two technologies, the tray
efficiency in the distillation columns in each configuration was
assumed to be 100% which corresponds to the thermodynamic
equilibrium between phases.3.1. Configuration A (conventional reactor plus
separation process)A simplified process flow diagram (Fig. 3) for the con-
ventional biodiesel production process is simulated in Aspen
Plus after a review of the various state of the art industrial
biodiesel technologies proposed in literature [15,43]. The
process flow sheet features a continuous plug flow reactor for
the chemical reaction. The reaction products are then fed to a
sequence of flash and distillation columns for the separation of
methanol and water and purification of bio-diesel and glycerol.
The excess of methanol is recycled back to the reactor.
The process units used in the conventional process flow-
sheet are a mixer, a plug flow fixed bed reactor (PFR), a flash
separator, a decanter and four distillation columns (modeled
by Radfrac distillation models). The mixer functions to enable
Fig. 5. Configuration B (CD process).
Fig. 6. Quantitative summary for process comparisons between conventional process (Configuration A) and the CD process (Configuration B).
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methanol distillation columns back into the reactor. The flash
separates the methanol, water and glycerol from the biodiesel
product (methyl oleate). The decanter splits the methyl oleate
into two streams e one rich in biodiesel and one rich in
glycerol. The function of the methanol distillation column
(METHGLY) is to separate methanol from glycerol and water
and to recycle this methanol stream back into the reactor. The
glycerol distillation column (GLYDIST) RadFrac unit is
placed to separate glycerol from other impurities and obtain a
high purity glycerol. It is to be noted that there are two streamsfor glycerol in this flowsheet, glycerol is also produced from
the bottom of the METHGLY column. The third Radfrac
distillation unit (BIODIST) serves to purify the biodiesel rich
stream from the decanter to produce pure bio-diesel (mole
purity > 99%). The fourth distillation unit (RECDIST) re-
ceives methanol from the top products of the distillation col-
umns and purifies it before recycling back into the reactor.
A constant feed of mass flow rate rate of 7492 kg/hr at a
methanol to oil optimum mass ratio of around 1:1 is fed to the
reactor. This feed rate corresponds to an annual biodiesel
production of 10 million gallons per year. Excess methanol (a
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is typically added to the biodiesel batch reactors to drive the
equilibrium reaction forward. Without an excess of alcohol in
a batch reactor, the process reaches equilibrium before all the
feed are converted to biodiesel, resulting in a poor fuel that
does not meet ASTM standard and can be corrosive. The
excess methanol shifts the equilibrium esterification or trans-
esterification reaction to produce more biodiesel and the
excess methanol can be recycled.
For the biodiesel production, an isothermal operation in a
plug flow reactor is chosen with no pressure drop at a tem-
perature of 160 C. Reaction temperatures higher than 150 C
do not significantly affect the biodiesel yield but increase the
cooling water utility requirements, reactor operation was
optimized at 160 C as maximum conversion was achieved at
this temperature in the 150e200 C range in our laboratory
batch reactor experiments. A conversion of almost 100% is
achieved. The product stream from the reactor is at 160 C and
15 atm.
Pure component property from the Aspen Library suggests
that the separation will not be a problem as the separation
would be governed by the difference in boiling points and the
density of the products (Table 1). The reaction products from
the reactor are now taken to a series of separation units (Flash
and Distillation columns) to get purified product. Since the
boiling point of methyl oleate (349 C at 1 atm) is significantly
greater than that of methanol (64.7 C at 1 atm), glycerol
(287.85 C at 1 atm) and water (99.98 C at 1 atm), a flash
separator is utilized to isolate the methyl oleate from glycerol,
water and methyl oleate. This process is one of the simplest
unit operations where a liquid mixture at high temperature and
enthalpy is taken to a region of low pressure causing the liquid
to partially vaporize. Flash separations are very common in
industry, particularly petroleum refining, even when some
other method of separation is to be used, so as to use a “pre-
flash” to reduce the load on the separation itself and achieve a
good separation. A rigorous trial and error procedure was used
to determine the optimum operating conditions for the best
possible separation. The final and optimum operating condi-
tions for the flash drum were 1 atm and 160 C. The top stream
from the flash has 93.85 mol % methanol with glycerol
3.58 mol % and water 2.50 mol % which need to be separated.
The bottom stream from the flash separation unit composed
primarily of the biodiesel product-methyl oleate (95.52 mol
%) which was taken to a decanter for separation of methyl
oleate from other impurities (glycerol 1% and methanol 3%)
via gravity separation.
The decanter functions to further purify the biodiesel
product (methyl oleate) from the the methanol, glycerol and
water produced in the flash bottoms. Components are sepa-
rated in a decanter based on the difference in their densities.
The separation can also be achieved by using a gravity settler
[44]. The decanter operates at 120 C and 1 atm. The bio-
diesel stream from decanter has a biodiesel mole purity of
96.63% with 3.18 mol % methanol which is sent to a distil-
lation column for purifying the biodiesel so as to separate the
methanol to meet the biodiesel ASTM purity standards.Residual methanol in the biodiesel fuel is a major environ-
mental and health hazard due to a number of reasons and
hence, most biodiesel standards allows only 0.2% v/v meth-
anol in the final product [45]. Methanol is toxic (ingestion of
10 ml causes permanent blindness), has cold-start problems,
lower energy density and evaporates quickly when exposed to
air. Excess methanol can also make the fuel flammable and
more dangerous to handle and store besides, corroding metal
components of engine [39,42,45]. The glycerol rich stream
from decanter has a glycerol mole purity of 88.8% which is
purified to >99 mol % glycerol in the GLYDISTL distillation
column. The methanol from the top product is recycled back
to the reactor.
In the conventional reactor separation configuration, 4
distillation columns are employed for methanol recovery and
for the purification of biodiesel and glycerol. RADFRAC
model in the Aspen library are used for simulating these
columns. Certain design criteria were considered to decide on
the number of stages in the distillation column and the reflux
ratio. The overall objective is to minimize the total cost of the
column at desired component separation. The total cost of the
column has two components: fixed costs (such as those for
purchase of the distillation column and internals, reboiler,
condenser, and other equipment) and operating costs (costs
associated with operation, e.g. utilities like condenser cooling
water, reboiler steam, pump horsepower, etc). For a distillation
column (Fig. 4), as reflux ratio increases, the total cost for the
column (capital plus operating) initially decreases to a mini-
mum and then starts increasing again. The minimum is an
optimum (or economical) reflux ratio at which the total cost of
the column is lowest. In our simulations, the optimal reflux
ration was decided by running the process simulations at
various refluxes and comparing the total cost of the column.
In Aspen Plus model library, running a DSTUW column,
one can predict the number of stages required for desired key
recoveries of components and a decided reflux ratio. This is
how the number of stages were calculated.
The biodiesel rich product is taken to the biodiesel purifier
distillation column that operates with 5 stages and at a reduced
pressure (vacuum distillation) of 0.3 atm so as to yield bio-
diesel purified product at a lower temperature. Biodiesel starts
thermal degradation via isomerism, polymerization and py-
rolysis at temperatures exceeding 275 C [46]. Low pressure
distillation for biodiesel has also been reported in the literature
[7,15]. The biodiesel distillation column achieved a biodiesel
purity of 99.99 mol % in the bottom stream. The top stream
from this column has mixed composition of all components at
very low flow rates and is purged.
The glycerol purification column had 5 stages and operates
at reduced pressure so as to produce glycerol product below its
boiling point of 287.7 C. The column produces glycerol with
99.99% mole fraction which is a high valued by-product. The
top stream from the flash comprising mostly of methanol
(93.85 mol %) is taken to the methanol purifier distillation
column to produce high purity methanol for recycle back to
the reactor. The methanol distillation column has a total of 5
stages and operates at 1 atm pressure producing a high purity
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merged with top product from the glycerol column and taken
to a final distillation column comprising of 8 stages before a
recycle to the reactor. The design flow-sheeting option is used
in Aspen Plus so that the total methanol to oil mass ratio that
goes into the reactor remains constant at 1:1. The bottom
stream from the methanol purification distillation column is
rich in glycerol (99% mole), second by-product stream in the
process. The composition and flowrates of all constituent
streams for the conventional reactor separation configuration
is shown in Table 3.3.2. Configuration B (catalytic distillation)As pictured in configuration A, the conventional reactor
separation process employs 4 distillation columns for
achieving high purity biodiesel conforming to ASTM stan-
dards and a fairly pure glycerol stream that could be sold as a
by-product. Distillation is an extremely energy intensive pro-
cess, with a low thermodynamic efficiency that makes the
overall process highly inefficient and costly. The large number
of distillation columns result in associated increased utility
and maintenance costs. Due to the increased concern for the
environment and costs associated with capital expenditures
and energy requirements, biodiesel production from yellow
grease presents an excellent opportunity for the application of
CD to make the process flow sheet simpler, more energy
efficient and to maximize plant profitability.
One of the most significant merits that a CD process brings
to the biodiesel production is simplification of the flow sheet
(the plug flow reactor and flash separation unit are eliminated
from the flowsheet) and significant savings in equipment
capital and operating costs. In particular, the biodiesel process
is intensified by removal of the plug-flow reactor and
replacement of the flash and methanol distillation unit by a
single catalytic distillation column in configuration B whereTable 3
Operational conditions for major process streams in the conventional reactor sepa
REACIN REACOUT FLMETH F
Temperature (C) 45 160 160 16
Pressure (atm) 1 1 1 1
Component mole flow (kmol hr1)
Methanol 109.50 95.94 95.47 0.
Triolein 3.82 ~0 ~0 ~
Oleic acid 2.11 ~0 ~0 ~
Water 0.4436 2.55 2.55 0.
Glycerol ~0 3.8164 3.650 0.
Methyl oleate ~0 13.5604 0.0523 13
Component mole fraction
Methanol 0.95 0.83 0.94 0.
Triolein 0.0329 ~0 ~0 ~
Oleic acid 0.0182 ~0 ~0 ~
Water 0.0038 0.0220 0.0251 0.
Glycerol ~0 0.329 0.0359 0.
Methyl oleate ~0 0.12 ~0 0.
Total mole flow (kmol hr1) 115.87 115.87 101.73 14
Total mass flow (kg hr1) 7492 7492 3457.01 40both reaction and separation occur in a single distillation
column. For the CD configuration, the process units required
are a reactive distillation column (RADFRAC) for the bio-
diesel reaction and its separation from other components, 3
distillation column for methanol separation, glycerol and
biodiesel purification and a decanter for glycerol and methyl
oleate (biodiesel) separation. Mixers serve to collect recycle
streams from different units and send the merged stream back
into the reactive distillation unit.
The CD process unit was modeled in Aspen Plus using an
equilibrium RadFrac model with a total number of 10 stages
and a reflux ratio of 0.5. In the CD column, a design of
minimum 10 stages was essential to achieve conversion of the
reactant feed and recovery of the separable products. If lesser
number of stages are chosen, the reactant conversion would be
inadequate which would lead to higher separation re-
quirements in downstream section processes and result in
bigger distillation columns and higher recycle rates. The
lighter component, methanol was added on the 8th stage closer
to the reboiler while the heavier feed component yellow grease
was added on the 3rd stage nearer to the condenser. The re-
action takes place between stages 4e8. The pressure of the CD
column was maintained at one atmosphere pressure. No stage
pressure drop was assumed. The net heat effect of the trans-
esterification and esterification reactions occur is exothermic
so the heat generated in the CD column via the reaction was
used to separate the products of the reaction, hence reducing
the total energy requirements of the re-boiler and aiding the
separation process.
The top stream from the CD column is rich in methanol
(99.06 mol %). The bottom stream of the CD column is rich in
biodiesel (50.88 mol %) and glycerol (14.30 mol %) which is
then transported to a decanter for separation of these two
components based on their density differences. The decanter
operates at 1 atmospheric pressure and a temperature of
150 C. The decanter separates this stream into biodiesel richration configuration flowsheet (A).
-BOT BIODRICH GLYCRICH BIODIESEL GLYCEROL
0 120 120 245 287
1 1 0.3 1
46 0.4437 0.0174 ~0 ~0
0 0 0 ~0 ~0
0 0 0 ~0 ~0
0056 0.0049 0.0008 ~0 ~0
1660 0.0251 0.1450 ~0 3.05
.508 13.508 0 13.2788 ~0
03 0.03 0.11 ~0 ~0
0 0 0 ~0 ~0
0 0 0 ~0 ~0
0003 0.0003 0.0048 ~0 ~0
0117 0.0151 0.89 ~0 ~1
96 0.97 0.0001 ~1 ~0
.15 13.98 0.16 13.29 3.05
35.22 4021.29 13.93 3937.08 281.07
70 A. Gaurav et al. / Green Energy & Environment 1 (2016) 62e74and glycerol rich streams which are then taken to subsequent
distillation columns as outlined in configuration A. The final
biodiesel product obtained has a purity of 99.28% mole frac-
tion with less than 0.2% mole fraction of methanol. The
glycerol obtained has a purity of 99.82% mole fraction and
both the products meet the ASTM standards of purity. The
composition and flow rate of all constituent streams for the
reactor separation configuration is shown in Table 4. It is to be
noted that the CD flowsheet has only one purge stream instead
of two purge streams in the conventional process. The top
product from the biodiesel distillation column BIODIST in the
CD configuration contains methanol at a mole purity of 92%
which is recycled to the fresh feed: in conventional process
this is purged due to low composition of the raffinate
(methanol).
4. Process comparisons (cost, energy, emissions and waste
elimination)4.1. Capital and operating costsThe two process configurations produce the same biodiesel
percentage purity in the final stream at more than 99.00% and
at the same flow rates corresponding to an annual biodiesel
product rate of 10 million gallons. In each of the two pro-
cesses, the ASTM standards for biodiesel purity are produced;
the methanol concentration in all the processes for the final
biodiesel stream was less than 0.2% v/v making the biodiesel
suitable for use. The objective of this research is to compare
the capital and utility costs of the two configurations so as to
define the most cost efficient process. To compare the process
economics of the two processes Aspen Process Economic
analyzer tool (formerly: Aspen Icarus Process Evaluator) was
used. The Aspen Process Economic Analyzer is a powerful
project scoping tool that could evaluate the economic impact
of process designs by expanding unit operations fromTable 4
Operational conditions for major process streams in the catalytic distillation (CD)
Stream CDFEED CDTOP CDBOT
Temperature (

C) 45 112.13 146.70
Pressure (atm) 1 5 5
Component mole flow (kmol hr1)
Methanol 126.15 105.09 7.56
Triolein 3.82 0.0074 0.0150
Oleic acid 2.11 ~0 ~0
Water 0.52 0.98 1.65
Glycerol ~0 ~0 3.794
Methyl oleate ~0 ~0 13.49
Component mole fraction
Methanol 0.95 0.99 0.29
Triolein 0.028 ~0 0.0006
Oleic acid 0.02 ~0 ~0
Water 0.0039 0.01 0.06
Glycerol ~0 ~0 0.173
Methyl oleate ~0 ~0 0.5088
Total mole flow (kmol hr1) 132.60 106.08 26.52
Total mass flow (kg hr1) 8027.58 4635.87 3391.71simulator output to equipment models using proprietary
mapping technology, and calculating preliminary sizes for
these equipment items. The interactive equipment sizing de-
termines capital and operating costs and investment analysis
and is hence able to compare competing technologies for
economic analysis and/or evaluate alternative process
configurations.
Tables 5e7 depict the total capital costs, total operating
costs, equipment purchase costs and annual utility and raw
material costs for configurations A and B for an annual bio-
diesel production of around 10 million gallons per year. These
values were evaluated via the Aspen Economic Analyzer tool
via sizing and economic evaluation of block and process flow
diagrams from the process stream information. All prices and
costs are in US dollars. The feed stream prices were set us
0.755 dollars per kg for yellow grease [47] and 0.532 dollars
per kg for methanol [48]. The glycerol produced at more than
99% mole purity as a by-product in the process was assumed
to bring a revenue at 0.8 dollars per kg [49]. The total capital
corresponds to the investment required for purchase of
equipment, cost of labor and materials (direct installation
costs), costs for site preparation and buildings, and certain
other costs (indirect installation costs). It also includes costs
for land, working capital, and off-site facilities. The total
operating costs includes labor, maintenance, utilities, and raw
material costs. Detailed information regarding parameters and
evaluation basis for operating and capital costs can be found
out via generating the economics report file from the Aspen
process economic analyzer toolbar.
Economic results generated from the Aspen Economic
Analyzer tool show a remarkable reduction in terms of in-
vestment and energy costs brought by CD. The elimination of
reactor and flash units by introduction of CD greatly reduced
the equipment and capital cost. The total capital cost in dollars
for the CD configuration (B) is 6.3 million dollars (22.2% less)
compared to 8.1 million dollars for the reactor e separationconfiguration flowsheet (B).
GLYRICH BDRICH GLYCEROL BIODIESEL
150 150 254 243
1 1 1 0.3
4.0780 3.4850 ~0 0.0519
~0 0.1528 ~0 0.0153
~0 ~0 ~0 ~0
1.39 0.27 ~0 0.0004
3.76 0.029 3.61 0.0298
0.0036 13.49 ~0 13.49
0.44 0.20 ~0 0.0038
~0 0.0009 ~0 0.0112
~0 ~0 ~0 ~0
0.1502 0.0150 ~0 ~0
0.4077 0.0017 0.9982 0.0022
0.0004 0.78 ~0 0.9928
9.23 17.29 3.61 13.59
503.414 4132.46 332.218 4017.64
Table 5
Detailed cost analysis for optimum design and operating conditions for the reactor separation configuration (Configuration A).
Configuration: reactor þ distillation
Equipment Optimal operation
condition
Heat
duty (kW)
Equipment utility
cost ($/yr)
Total operating
cost ($/yr)
Equipment purchase
cost ($)
Total capital
cost ($)
Reactor Temp. (160 C)
Pressure (15 atm)
826.16 $259,904 $26,909,300 $213,700 $8,078,190
Flash separator Temp. (160 C)
Pressure (1 atm)
414.88 $69,691 $21,800
Height ¼ 12 ft
Diameter ¼ 3.5 ft
Decanter Temp. (160 C)
Pressure (1 atm)
1.389 $632 $17,400
Height ¼ 12 ft
Diameter ¼ 3.5 ft
Biodiesel distillation column
BIODIST
Mole-RR (0.5)
Pressure (0.3 atm)
Stages (5) Feed (2)
49.39 $31,636 $77,800
Height ¼ 22 ft
Diameter ¼ 3.5 ft
281.29
Glycerol distillation column
GLYDIST
Mole-RR (0.5)
Pressure (0.8 atm)
Stages (5) Feed (3)
98.67 $21,424 $36,300
Height ¼ 22 ft
Diameter ¼ 1.5 ft
125.27
Methanol distillation column
METHGLY
Mole-RR (0.5)
Pressure (1 atm)
Stages (5) Feed (3)
1981 $228,377 $97,400
Height ¼ 30 ft
Diameter ¼ 3 ft
1267
Methanol distillation column
RECDIST
Mole-RR (0.5)
Pressure (1 atm)
Stages (8) Feed (4)
2735 $348,164 $106,300
Height ¼ 36 ft
Diameter ¼ 3.5 ft
1771
Utility cost ($/yr) $959,828
Raw materials Cost ($/yr) $22,539,900
The bold indicates total annual operating cost, annual utility cost, annual raw material cost and total capital cost that have been compared in Table 7 and Figure 6.
Table 6
Detailed cost analysis for optimum design and operating conditions for the catalytic distillation configuration (Configuration B).
Configuration: Reactor þ Distillation
Equipment Optimal operation
condition
Heat
duty
(kW)
Equipment
utility
cost ($/yr)
Total
operating
cost ($/yr)
Equipment
purchase
cost ($)
Total capital
cost ($)
CD column Mole-RR (0.5)
Pressure (1 atm)
Stages (10) Feed (2,8)
181.18 $319,324 $26,172,900 132,600
Height ¼ 64 ft
Diameter ¼ 6 ft
$6,288,340
488.29
Decanter Temp. (150 C)
Pressure (1 atm)
1.126 $472 15,300 Height ¼ 12 ft
Diameter ¼ 3.5 ft
Biodiesel distillation column
BDISTL
Mole-RR (0.3) Pressure (0.3 atm)
Stages (5) Feed (2)
37.83 $28,116 73,900 Height ¼ 26 ft
Diameter ¼ 3 ft259.19
Glycerol distillation column
GLYDIST
Mole-RR (0.5)
Pressure (0.8 atm)
Stages (5) Feed (3)
102.37 $23,432 37,200 Height ¼ 22 ft
Diameter ¼ 1.5 ft145.27
Methanol distillation column
METH
Mole-RR (0.5)
Pressure (1 atm)
Stages (10) Feed (5)
2258 $278,367 112,400 Height ¼ 36 ft
Diameter ¼ 3.5 ft1479
Utility cost ($/yr) $649,711
Raw materials cost ($/yr) $22,209,900
The bold indicates total annual operating cost, annual utility cost, annual raw material cost and total capital cost that have been compared in Table 7 and Figure 6.
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reported capital costs for 10 million gallons annual production
biodiesel plants that use soybean oil (feed considered is model
yellow grease with 85% mass triglycerides) as feedstock
[50e52]. These figures add strength to the view that
employment of CD technology in biodiesel production plants
will significantly bring large scale reductions in capital in-
vestment. Comparison of energy requirements between the
two configurations confirmed that the CD process substantially
reduces the energy footprint of the biodiesel process. The CDprocess on account of the exothermic reaction heat driving the
separation of methanol in the CD unit and dissipating the heat,
leads to significant reduction in both hot and cold utility re-
quirements. The total hot utility duty of the CD process in
configuration B (2371.75 KW) is almost half (49.38% reduc-
tion) of the conventional process in configuration A
(4685.6 KW), the cold utility requirements in the CD process
(2580.51 KW) is 46.96% less than the conventional process
(4865.45 KW). The CD configuration is significantly
economical in terms of utility (energy) costs. The utility costs
Table 7
Per gallon production cost of biodiesel for configurations A and B.
Reaction
separation process
(configuration A)
Catalytic
distillation process
(configuration B)
Total capital cost [USD] 8,078,190 6,288,340
Total raw materials cost
[USD/Year]
(Methanol þ Yellow
Grease)
22,539,900 22,209,900
Total utilities cost [USD/
Year]
959,828 649,711
Total catalyst cost [USD/
Year]
370,500 567,000
Total operating cost [USD/
Year]
26,909,300 26,172,900
Total product sales [USD/
Year] (Glycerol)
2,323,565 2,429,554
Total biodiesel flow (kg/hr) 3868 3998
Biodiesel mole fraction 99.42 99.28
Total biodiesel volume (gal/
yr) at 25 C
10,256,220 10,600,922
Price of biodiesel without
considering glycerol
revenue ($/gallon)
2.62 2.46
Price of biodiesel considering
glycerol revenue ($/gallon)
2.40 2.24
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32.30% lower as compared to the reactor separation configu-
ration (A) which has an annual utility cost of 959,828 dollars.
The savings in energy results in the reduction in the emissions
of green-house gases and gain of environmental credits (dis-
cussed later). Aspen used inbuilt heat integration techniques
(Pinch technology) to minimize the utility costs that can be
accessed using the energy analysis icon on the analysis tool-
bar. Utility usage and utility costs corresponding to each
equipment in the flow sheet configurations are listed in Tables
5 and 6. Operating costs in biodiesel production processes are
heavily dependent on the raw material cost [7,27,51]. Since we
are working on approximate the same flow rates and conver-
sions in both configurations, there are no significant reductions
in operating costs between the two configurations; however it
is noteworthy that in the CD configuration, the operating cost
is marginally lower (2.7% less) and sales revenue from glyc-
erol is more. This is achieved on account of lower energy costs
and better utilization of raw materials as the purge stream flow
rates are lower due to efficient separation. Numbers for
operating costs for an annual 10 million gallon biodiesel
soybean oil facility closely matches reported literature [51,53].
The production cost per gallon of biodiesel is a decisive
cost indicator to predict the feasibility and viability of the
biodiesel production process. From the annual production
capacity and the total annual operating cost figures, the pro-
duction cost per gallon of biodiesel for each configuration was
calculated. These calculations are shown in Table 7. The
production cost per gallon of biodiesel for the CD configura-
tion is 2.46 dollars compared to 2.62 for the conventional
process. After accounting for the glycerol sales from theproduct stream, the production cost for CD configuration is
2.24 dollars per gallon. Figures for production costs are in
agreement with [51,54] and a private communication with a
leading biodiesel manufacturing company in Canada. We
believe figures supported by government subsidies would
make biodiesel production a very attractive and sustainable
option from an economic and ecological viewpoint.4.2. Catalyst requirement and costs, emissions control
and waste minimizationWhile catalysts add value in many ways to a process,
ranging from the reduction of cost of manufacture to
improving the quality of the chemical product, to the reduction
of environmental emissions, catalyst costs are an important
contributor to the overall process cost. Determination of
catalyst mass is a challenging problem in the conceptual
design of most continuous industrial flow-sheets. In this
research, we have attempted to calculate the heterogeneous
catalyst loading in each configuration and the associated
annual catalyst costs via empirical relations suggested in
literature and some calculations with assumptions. The cata-
lyst loading for the conventional reactor configuration is
derived from the plug flow reactor design equation (Equation
(2)) [40].
Wcat;total ¼ F
Z1
0
dX
rA ð2Þ
The catalyst requirement for configuration A comes out to
be around 2470 kg/year. For configuration B, the liquid holdup
on each stage of the CD column, triolein composition and flow
rate were used to approximate the corresponding catalyst re-
quirements. The catalyst requirement for configuration B
comes out to be around 3780 kg/year. Since simulations pre-
sented in this research are being modeled on kinetic parame-
ters taken from the performance of solid acid heterogeneous
catalyst Silicotungstic acid supported on alumina (HSiW/
Al2O3), we use price specifications for alumina Al2O3
(Brockmann I, activated, 150 mesh size) and silico-tungstic
acid (HSiW). As of January 2015, the SigmaeAldrich price
for alumina Al2O3 (Brockmann I, activated, 150 mesh size) is
300 dollars for a 5 kg batch and for HSiW is 600 dollars per
kg. Since batch and bulk costs for chemicals vary significantly,
we approximate the bulk price of a catalyst system comprising
30% wt HSiW and 70% wt Al2O3 to be 150 dollars per kg
(batch price approximates to 225 dollars per kg). This price
also allows for some compensation for the loss in material
while synthesizing the catalyst and costs involved in preparing
the catalyst bed. Hence, the total catalyst costs were approx-
imately $ 370,500 dollars for configuration A and 567,000
dollars for configuration B. These figures are explorative es-
timates for catalyst requirements and costs and in depth
consideration of packing, catalyst bed characteristics and
reactor geometry are necessary to yield more accurate results.
A calculation of the heterogeneous catalyst presented here
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changing the biodiesel production process to heterogeneous
catalysis since no cost estimate for a heterogeneous catalyzed
process for biodiesel is available in the literature. It is of note
that the catalyst requirement for the CD process in configu-
ration B appears to be more than that for configuration A. This
is the case, when the catalyst life (1 year) is assumed to be the
same in both configurations. In an actual industrial operation,
the catalyst life would be higher in the CD column as the
catalyst would be better protected via in situ heat removal via
separation in the column. These could lead to lower catalyst
costs. The temperature range in the CD column (112 C in
stage 1e145 C in the reboiler) is also lower than that of the
isothermal packed bed reactor (160 C) in configuration A.
This research also produces quantitative estimates for
reduction of carbon dioxide (CO2) emissions by translating
process utility consumption into associated emissions. A
consequence of savings in energy is the reduction of emissions
which helps a process to meet economic or sustainability
thresholds (as determined by environmental regulations and
market economy) and also provides viability and sustainability
for projects that otherwise would not be feasible. Tables 5 and 6
list the hot and cold utilities for each process unit in both the
process configurations and specify the reductions in energy
brought by the CD process. The savings in hot utility usage are
translated into emission cuts via emission factors provided by
the U.S. Energy Information Administration (EIA) [55] that
compute the amount of CO2 produced per kilowatt hour (kWh)
for specific fuels and specific types of generators. Cooling op-
erations in industrial distillation operations are achieved via
large volumes of cooling water that does not contribute to CO2
emissions [56] and hence, cold utilities are ignored. For scaling
of hot utilities to calculate CO2 emissions, natural gas is chosen
as the fuel (conversion factor 1.22). Natural gas is the preferred
fuel for use in petroleum refineries utility systems [57,58]. As
detailed in Tables 5 and 6, the total hot utility requirements for
configuration A is 4685.6 KW whereas for the CD process in
configuration B is 2371.86 KW. For an annual production of 10
million gallons of biodiesel, the CD process configuration re-
sults in reduction of 24,728 tons of CO2 per year.
CD is known to overcome limitations such as chemical
equilibrium and difficult separations leading to an increase in
space, time, mass and energy efficiency resulting in waste
minimization. A comparison of Figs. 3 and 4 show that the
conventional process (configuration A) has two purge streams
whereas the CD process in configuration B has one. The
combined flowrate of purge streams in configuration A is
293 kg/hr compared to 236 kg/hr in configuration B. For an
identical feed, the CD process hence reduces waste by 19.45
percent.
5. Conclusions
The cost of biodiesel production is highly dependent on the
feedstock price: yellow grease is an attractive option in com-
parison to the widely used vegetable oils for biodiesel pro-
duction. This research examines the commercial feasibility ofswitching from the current conventional biodiesel process
configuration to a green CD technology. A new green process
for biodiesel production using a waste oil was designed. A
simulation of a process design with technical and process
parameters along with plant and production economics is
presented. The economic analysis indicate that a CD biodiesel
production process leads to significant reduction of capital and
production costs. The CD process for biodiesel production
from yellow grease would result in lower greenhouse gas
emissions, reduce waste, and improve the economics and
reduce environmental footprint for biodiesel manufacturing.
The merits of CD technology outlined in this research would
open areas for further research in biodiesel production from
high FFA feedstocks.
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